Recent studies of hominoid variation have shown that mutation rates and spectra can evolve 11 rapidly, contradicting the fixed molecular clock model. The relative mutation rates of three-12
The pace of evolution and the healthspan of somatic tissue are both ultimately limited by the 26 genomic mutation rate, which is a complex function of DNA damage susceptibility, polymerase 27 fidelity, proofreading efficacy, and other factors (Alexandrov et al., 2013; Sima and Gilbert, 28 2014). Some regions of the genome accumulate mutations faster than others, such as DNA that 29
replicates late in the cell cycle and motifs that are modified epigenetically (Koren et patterns of purifying selection and background selection, as regions with elevated mutation 33 rates may be more evolutionarily constrained than their diversity levels might suggest. As a 34 result, understanding how mutation rate varies across the genome is an important prerequisite 35
for identifying modes and targets of natural selection (Hellmann et al., 2003; Keightley et al., 36 2011; Kulathinal et al., 2008) . Understanding the mutational landscape is similarly essential for 37 predicting rates of deleterious de novo mutations in clinically relevant disease genes 38 (Michaelson et al., 2012; Veltman and Brunner, 2012) . 39 40
Many functional features of the genome appear to influence its mutation rate, or at least have 41 landscapes of variation that correlate with the landscape of mutation rate variability (Ananda et 42 al., 2011; Li and Luscombe, 2018) . However, a large component of the variance of the 43 mutational landscape is cryptic, meaning not associated with any known sequence motifs or 44 functional genomic features (Hodgkinson and Eyre-Walker, 2011; Johnson and Hellmann, 2011; 45 Terekhanova et al., 2017) . This cryptic variation is conserved over relatively long timescales, 46
being highly similar between human and macaque, which diverged ~25mya (Tyekucheva et al., 47 2008) . This suggests that there exist unknown genetic modifiers of the mutational landscape 48 that are both widespread and functionally important. 49 50
In some systems, it is possible to estimate the number of unknown mutation rate modifiers by 51 studying the spectrum of sequence contexts where mutations most commonly occur. Mutation 52 spectrum analysis was pioneered in the setting of cancer, where many highly penetrant 53 mutagens cause mutations in specific sequence contexts (Alexandrov et al., 2013) . For example, 54
tumors that replicate their DNA with a defective polymerase epsilon accumulate high rates of 55
TCT>TAT and TCG>TTG mutations (Alexandrov et al., 2013; Shinbrot et al., 2014) . Similar 56 "mutational signatures" also occur in the normal human germline, where late-replicating DNA 57
consistently accumulates proportionally more C>A and A>T mutations compared to DNA that 58
replicates earlier during the cell cycle (Agarwal and Przeworski, 2019). The consistent presence 59 of this mutational signature across all late-replicating regions suggests that the effects of 60 replication timing on mutation rate are mediated by a single, currently unknown, mechanism. 61 62
In addition to varying between regions of the genome, mutation rates and spectra also vary 63 between different evolutionary lineages. Patterns of diversity point to a global mutation rate 64 slowdown during hominoid evolution that has caused humans and closely related apes to 65 accumulate mutations more slowly than distantly related monkeys do (Goodman, 1985; Scally 66 and Durbin, 2012). A closer examination of ape mutation spectra recently revealed that every 67 ape lineage has experienced changes in the relative mutation rates of some characteristic 68 triplet motifs (Harris and Pritchard, 2017) . Even more surprisingly, closely related human 69
populations have distinctive mutation spectra that provide enough information to classify 70 individuals into continental ancestry groups (Harris and Pritchard, 2017) . Over a period of just 71
10,000 to 20,000 years, Europeans experienced a temporary pulse of mutagenic activity that 72 more than doubled the rate of TCC>TTC mutations (Harris, 2015; Speidel et al., 2019) . 73 74
A previous study observed that the cryptic component of mutation landscape variation appears 75 to evolve faster over time than components that are correlated with functional features of the 76 genome (Terekhanova et al., 2017) . This motivated us to take a closer look at the differences 77 between the mutation spectra of great ape species; in particular, to measure whether these 78 differences were concentrated in specific genomic regions. Although this approach is not 79 designed to reveal the root causes of any species-specific signatures, it is well powered to 80 distinguish whether these causes are cis-acting or trans-acting mutators. A genetic variant in a 81
DNA repair enzyme might modify the mutation spectrum in trans by broadly changing the 82 efficacy of DNA repair across the entire genome. Since the rate and spectrum of germline 83 mutations also depend on the age of the parents at conception (Jónsson et al., 2017 ; Wong et 84 al., 2016), a variant affecting reproductive life history could also effectively act in trans as a 85 mutator allele. In contrast, a genetic variant that alters local chromatin state might modify the 86 mutation spectrum in cis by changing the accessibility of nearby DNA to damage as well as 87
repair, but not on other chromosomes. 88
89
If cis-acting mutators have been evolving more quickly than trans-acting mutators, we should 90 expect to see large differences between genomic regions in the differentiation of ape species. 91
Conversely, if trans-acting mutators emerge more often, we should expect all regions of the 92 genome to show similar pictures of species differentiation. By assessing the fits of cisand 93 trans-acting models to ape mutational data, we aim to narrow down the long list of potential 94 genetic and environmental mutators to a smaller set of candidates that fit the spatial profile of 95 the variability between ape genomes. 96 97 RESULTS 98 99
Quantifying the Mutation Spectrum Differences Between Great Ape Species and Subspecies. 100
Previous research utilizing the Great Ape Genome Project (GAGP) data showed that the germline 101 mutation spectrum has evolved rapidly in great apes, leading to distinct species-specific spectra 102 (Harris and Pritchard, 2017; Prado-Martinez et al., 2013). We first sought to recapitulate these 103 results and measure for the first time how the differences between species compare to 104 differences within species. 105 106
To minimize the effects of natural selection on our mutation spectrum ascertainment, we defined 107 set of genomic regions, collectively called a "compartment", characterized as non-conserved and 108 non-repetitive (NCNR). The NCNR compartment consisted of 1.28Gb of the non-repetitive 109
(annotated by RepeatMasker), non-coding human genome annotated as significantly conserved 110 (p<0.05 in the PhastCons 44-way primate alignment), and excluding CpG islands. In these 111 compartments, we computed the fractions of each of the 96 triplet mutation types for each 112 individual and each species ( Figure 1A) using SNVs from the GAGP, following a number of filters 113 (see Methods). These results are robust to repeated subsampling of the number of individuals to match among 139 species (Figure 1-supplemental figure 1 ). 140 141
Gorilla
To quantify these mutation spectrum differences further, we computed Chi-square distances 142
between the spectra of individual genomes and found that interspecific differences exceeded 143 conspecific differences ( Figure 1D , Figure 1 -supplemental figure 2). We even observed mutation 144 spectrum differences among chimpanzee subspecies: 
183
We defined early and late replication timing compartments to be the earliest and latest 184
replicating quartiles of the genome identified by RepliSeq in human lymphoblastoid cell lines 185
( Figure 2A ; Koren et al., 2012) . We then generated two mutation spectra for each individual 186
corresponding to the early and late replication timing compartments. We ran a PCA on a matrix 187
including the individual mutation spectra of all humans in the GAGP for early and late replication 188
timing compartments in addition to the NCNR compartment ( Figure 2B , Figure 2 -supplemental 189
figure 1). To determine the principal triplet mutation types driving the differences in mutation 190 spectra between compartments, we generated heatmaps of the log odds ratio enrichments of 191 each mutation type occurring in the late versus the early replication timing compartments ( Figure  192 2C, Figure 2 -supplemental figure 2). For this analysis, we counted the number of segregating sites 193 within a species to generate a single 96-dimensional vector for each species and compartment 194 (rather than a vector for each individual and compartment, see Methods). As expected, late-195
replicating regions were enriched for C>A and A>T mutations.
197
To determine if the variation in mutation spectra due to differences in replication timing was 198 conserved among species, we ran a PCA on a matrix of the early replicating, late replicating, and 199
NCNR compartment mutation spectra of all individuals ( Figure 2D ). The separation along PC1 200 reflects phylogeny, while PC2 primarily separates early from late replication timing 201
compartments. The direction of separation of early and late replication timing compartments is 202 similar across all species, again implying distinct and conserved mutational mechanisms. To 203 further quantify the conservation of the replication timing mutational signature, we tested the 204 correlation of the log odds of late vs. early replication compartments between each pair of 205 species, thereby quantifying the similarity between each species' late vs. early replication timing 206 mutational heatmaps. The correlations between every pair of species' replication timing 207 heatmaps were highly significant (Figure 2 -supplemental figure 3). Our results show that late 208 replication timing is associated with a conserved mutational signature across great apes. 209
Moreover, the genomic landscape of replication timing is broadly conserved across species, 210
biasing all genomes toward C>A and A>T mutations in orthologous late replicating compartments 211
( Figure 2 -supplemental figure 4 ).
213
All great ape genetic variation appears to be shaped by a conserved landscape of cis-acting 214 mutational modifiers. 215 We found that all ape DNA, regardless of replication timing, has a consistent mutation spectrum 216
bias that we call a species-specific signature (Figure 2-supplemental figure 2). Late-replicating 217
regions of chimp genomes have high loads of both a chimp-specific signature and the same late-218
replication signature that is found in human genomes. We see no evidence of any mutational 219 signature unique to late-replicating chimp DNA that is not also found in early-replicating chimp 220 DNA or in late-replicating regions of other ape genomes. Furthermore, we see no evidence that 221 species-specific signatures have a rate or dosage that depends on replication timing. 222 223
Using published annotations of the human genome, we defined several more overlapping 224 functional compartments to test for the presence of cis-acting mutation spectrum modifiers. We We ran a PCA for each species including the individual mutation spectra of all eight 234 compartments and observed similar pattern of compartment separation in each species. In all 235
cases, the first principal component separates compartments along a replication timing gradient, 236
with the percentage of variance explained ranging from 23.3% to 34.1%. PC2 separates by 237
repetitive content (PVE 8.2% to 13.5%), and PC3 shows an ERV-distinct signature (PVE 4.0% to 238 8.7%; see Figure 3A -F, Figure 3 supplement 1). The similarities of the independent PCAs across 239 all species of great apes imply conservation of the cis-regulated mutational signatures associated 240
with repetitive content, methylation, and replication timing. Each compartment shows a similar 241 degree of separation between species, with high degrees of correlation between the positioning 242 of compartments in different species' PCAs ( Figure 3 supplement 2). This suggests that species-243 specific signatures fit the profile of trans-acting mutation modifiers that act relatively uniformly 244
across the genome. These species-specific signatures tend to cause more variance in mutation 245 rate than compartment-specific signatures do-for example, the greatest axis of variance in the 246 PCA in Figure 1H captures species signatures, while replication timing separates on the second-247 greatest axis (29.1% and 21.2% of variance explained, respectively). 
260
We found only two examples of compartments that violate these general trends: maternal 261 mutation hotspots and CpG islands. Maternal mutation hotspots are genomic regions that are 262 enriched for de novo C>G mutations specifically from the maternal lineage; the rate of these 263 mutations is also correlated with maternal age (Jónsson et al., 2017) . These hotspots exist in 264
chimpanzees and, to a lesser extent, gorillas, but their signal is largely absent from orangutans. 265
Our mutation PCAs similarly show that human genomes have higher levels of a compartment-266 specific mutational signature in these regions (Figure 3 In light of these mechanisms that target ERVs, we were intrigued by the fact that ERVs separated 291 from other genomic compartments along the third principal component of our mutation 292 spectrum analysis (4-8% variance explained). ERVs bear an excess load of a unique mutational 293 signature that appears to be largely conserved among great apes ( Figure 2B ,D,F) and is previously 294 undescribed, to our knowledge. 295 296
To determine whether any component of the ERV signature could be caused by high rates of 297 methylation and heterochromatization, we directly compared the mutation spectrum of the ERV 298 compartment to that of nonrepetitive heterochromatin. We generated the log ratio of the 96 299 mutation types between the ERV and the nonrepetitive heterochromatin compartment for each 300 species and found an enrichment for CpG C>G mutations and a depletion of TAA>TTA mutations 301
in ERVs that appears conserved in all species other than Pongo pygmaeus ( Figure 4A ). This 302 comparison shows that ERVs' high rate of CpG>CpT transitions is likely caused by their 303
heterochromatic status, but that heterochromatinization cannot explain the other components 304 of the ERV signature. Furthermore, we determined that differences in 7-mer nucleotide content 305 between the two compartments explained some, but not all, of the ERV-specific enrichment for 
r a n o r a n g u t a n A C G T B o r n e a n o r a n g u t a n 
319
C. The CG>GG mutation signature in ERVs is robust to the size and shape of the ERV compartment.
320
We created 100 "ERV-like" compartments by sampling segments corresponding to the size of 
327
We hypothesized that the CpG C>G mutational signature could result from the high and variable 328 rates of CpG hydroxymethylation (hmC) of ERVs, which has been recently shown to increase rates 329 of C>G mutations (Supek et al., 2014) . To test this hypothesis, we compared the mutation spectra 330
of ERVs with versus without evidence of hmC CpG, based on hmC-specific sequencing of human 331 embryonic stem cells (Yu et al., 2012). ERVs with hmC showed a significant enrichment for CpG 332
C>G mutations compared to ERVs without hmC in all six species, supporting the hypothesis of 333
hmC-related mutagenesis in ERVs ( Figure 4B , Figure 4 supplement 2,3) . We assessed the 334 robustness of the CpG C>G mutational signature to differences in mapping quality, compartment 335 size, and species-specific nucleotide content, finding that the CpG C>G mutational signature was 336
robust to all quality control tests ( Figure 4C , Figure 4- repair factors, and/or their regulatory elements are more likely to be responsible for differences 359 in mutation spectra that respect phylogenetic structure and act consistently across the genome. 360 361
We have noted that all ape species exhibit some internal mutation spectrum substructure, with 362
Western chimpanzees being the most distinctive subspecies. Western chimpanzees, which are a 363 phylogenetic outgroup to other chimpanzees, are distinctive in several ways, with lower levels of 364 bonobo gene flow, a higher load of transposable elements, and a stronger population bottleneck 365
in their recent history. Both transposable elements and accelerated genetic drift may have 366
hastened this lineage's rate of mutation spectrum drift. 367 368
Although identifying the causal fixed differences still represents a challenging unsolved problem, 369 the insights from this paper will allow us to narrow the field of possible mutation spectrum 370 modifiers to exclude ones that target only subsets of the genome. Focusing on ERVs in detail, we 371
were able to use functional genomic annotations to link this compartment's CG>GG mutational 372 signature to hydroxymethylation of CpG sites. Examination of a broader set of functional genomic 373
data may facilitate the interpretation of other localized signatures and bring us closer to 374 understanding their causality. 375 376
Previous work estimated that 80% of spatial mutation rate variation could be explained by letting 377 mutation rates depend on an extended 7-mer sequence context (Aggarwala and Voight, 2016; 378
Carlson et al., 2018). Since 7-mer composition differs between genomic compartments, these 379 extended sequence context models likely derive some of their predictive power from the effects 380 of cis-acting mutational modifiers. However, we have shown that compartment annotations 381 provide extra information about mutability above and beyond what we can tell from extended 382 sequence context alone, at least in the case of the ERV hydroxymethylation signature. An 383 important avenue for future work will be to examine the converse possibility and determine how 384 much of the dependence of mutability on extended sequence context can be explained by 385 genomic compartmentalization.
387
A small proportion of the genome is expected to vary in mutation rate between individuals due 388
to the presence of replication timing quantitative trait loci (rtQTLs) (Koren et al., 2012), but our 389 results suggest that the coarse shape of the replication timing landscape is extremely stable 390 across the great ape clade. Since replication timing is highly correlated with topologically-391 associated domain (TAD) structure (Pope et al., 2014), our results imply that human TAD 392 structure can largely be imputed into other apes, a useful insight given the expense of direct Hi-393 C measurements. The genomic distribution of the replication timing signature could even be 394 leveraged to estimate the extent of TAD variation within and between species.
396
In the majority of the genome where the replication timing landscape appears to be constrained, 397
stable, and consistent in its mutational bias, we predict that the dosage of the replication timing 398 signature is likely to behave as a more reliable molecular clock than the full spectrum of 399 mutations that contains fast-evolving components and is known to vary in rate between lineages 400 (Moorjani et al., 2016b, 2016a; Scally and Durbin, 2012). Using the spectrum loadings of the 401 compartment signatures and species-specific signatures inferred here, we have enough 402 information to estimate the number of mutations in an ape genome that were caused specifically 403 by replication-associated signature. Given the apparent stability of this signature across ape 404 species, this subset of mutations could be leveraged to estimate divergence times, population 405 size changes, and other demographic parameters more accurately than can be done using 406 mutations that accumulate preferentially in certain species. 407 408
If any mutational signatures accumulate at stable rates outside the clade of great apes, they could 409 also prove useful for phylogenetic inference in larger sets of species as well. This has the potential 410
to help resolve disputes about evolution and phylogeny in large clades where evolutionary 411
inference is challenging. Although spatial and temporal variation of the mutation rate and 412 spectrum both serve to distort the molecular clock model and complicate population genetic 413
inference, their pattern of covariation suggests that spatially varying mutational signatures may 414
provide the reliable molecular clock that has eluded evolutionary biologists for years. 415 416
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We are grateful for support from NIGMS Training Grant T-32 GM081062 as well as the following 419 grants awarded to K. We ascertained mutation spectra from a set of high-quality great ape SNVs that were 581 previously called and filtered by Prado-Martinez et al. (2013) . For each species and compartment, 582
we collated the set of biallelic SNVs falling within the genomic segments that comprise that 583 compartment. Ancestral states were assigned using a parsimony approach. Briefly, a biallelic site 584
segregating within a genus (Homo, Pan, Gorilla, or Pongo) was polarized to the allele fixed in all 585 other genera. Sites segregating in multiple genera, sites with multiple fixed alleles, and sites with 586 more than two alleles in a single genus were excluded due to their inconsistency with the 587 assumptions of no balancing selection and only one mutation event per site. Singletons were also 588 excluded due to their higher likelihood of sequencing error. We used the inferred ancestral base 589
to classify 3' and 5' neighboring nucleotides. For 3-mer mutational analyses, we excluded SNVs 590 whose 3' and 5' neighboring nucleotides were an 'N' in the hg18 reference and SNVs 591 demonstrating evidence of recurrent mutation in the great ape lineage; we expanded this filter 592 to include the three 3' and 5' neighboring nucleotides for 7-mer mutational analyses. Finally, we 593
removed SNVs out of Hardy-Weinberg Equilibrium with excess heterozygosity (using an exact 594 test, p<0.05). Excess heterozygosity at a locus could indicate a cryptic segmental duplication with 595 a single, fixed mutation in a copy. We also excluded SNVs with ≥0.5 derived allele frequency to 596 avoid mutational classes with an elevated risk of ancestral state misidentification. 597 598
Computing the mutation spectra of individuals and species 599
The PCA analyses in this paper require the computation of mutation spectra from 600 individual genomes, whereas the complementary heat map analyses involve calculating 601 aggregate mutation spectra from larger samples. Each analysis employs the filtering system 602 described above and ultimately involves counting the number of filtered derived alleles, classified 603 by 3-mer context. However, slightly different calculation details are involved in the two cases. 604
The aggregate mutation spectrum of a species S is obtained from a set of counts 605 C(m1,S),…,C(m96,S) where m1,…,m96 are the 96 3-mer mutation type categories AAA>C, …, TCT>T. 606
The count C(m1,S) is the total number of SNVs segregating in species S that fall into the mutational 607 equivalence class m1. To compare spectra across samples with different amounts of variation, 608
these mutation type counts are normalized to obtain a 96-dimensional histogram with frequency 609 categories summing to 1.
610
A mutation spectrum can be similarly calculated from a particular individual I as the 611 distribution of 3-mer mutation types across the derived alleles present in I's genome.
612
Homozygous derived alleles are given twice the weight of heterozygous alleles such that the 613 spectrum is the average of the spectra one would compute from the two phased haplotypes 614 making up I's diploid genome. 615
When individual mutation spectra are computed in this way, two types of derived alleles 616
can contribute to spectrum covariance between individuals I and J. The first type are pairs of 617 derived alleles that occur at separate loci in I and J but belong to the same mutation equivalence 618
class. The second type are derived alleles inherited by both I and J from a common ancestor. To 619 maximize our power to detect mutation spectrum evolution and distinguish it from shared 620 genetic drift, we devised a randomization strategy to eliminate the second source of signal while 621 preserving the first. 622
This randomization strategy involves computing the mutation spectrum of individual I 623 from only a subset of the derived alleles present in I's genome. If one copy of a particular derived 624 allele is present in I's genome and has frequency k/2N in the GAGP panel, the allele will be 625 counted toward I's mutation spectrum with probability 1/k. Conversely, this derived allele will be 626 counted toward the mutation spectrum of exactly one ape haplotype that carries it, with the 627 identity of that haplotype chosen uniformly at random. 628 629
Comparing mutation spectra across genomic compartments 630
Comparing mutation spectra between regions of the genome required accounting for 631 differences in compartment size and nucleotide content. Larger compartments naturally had 632 more mutations than smaller ones; it was therefore necessary to compare mutation fractions 633 rather than raw counts. Furthermore, differences in nucleotide content between compartments 634 could bias our comparison and calculation of local mutation rates. For example, a particular 635 compartment could have a relatively high count of AAA>ACA SNVs, but this high count might be 636
caused by the compartment having many occurrences of the triplet AAA, and therefore more 637
opportunities for an AAA>ACA to occur. Thus, we rescaled the number of mutations for each 638 compartment by the nucleotide content of the NRNC compartment before calculating fractions. 639
To calculate the rescaled rate r(m) of mutation mi: {m1, …, m96} corresponding to triplet tt: {t1, …, 640
t32} and compartment C: We calculated triplet content of each compartment by sliding a 3bp window, 1bp at a time, across 645 each compartment. Edges of compartment segments and triplets with Ns were excluded. 646
Several statistical analyses comparing two different mutation spectra required count data 647 rather than frequency data (Chi-square tests, e.g.); we devised a slightly different rescaling 648 strategy to avoid artificially inflating the mutation counts. To calculate the rescaled count of 649 mutation mi: {m1, …, m96} corresponding to triplet tt: {t1, …, t32} and compartment C1 in 650 preparation for comparison to compartment C2, we scaled down the raw count of mutation m in 651 the compartment where m is more abundant, rather than scaling up the count of m in the 652 compartment where it is more abundant: 653
The same rescaling is used for compartment C2, switching the subscripts accordingly. 655 656
Statistical analyses 657
We generated plots and performed statistical analyses in R (version 3.1.0) using scripts 658 available at https://github.com/harrispopgen/gagp_mut_evol. 659
We ran PCAs on matrices ( × rows by 96 columns, for individuals and 660 compartments) of rescaled 3-mer mutation rates calculated for each individual and each 661 compartment using the prcomp method. Some PCAs were run on individuals from all species; 662 others were only run on individuals from a single species. The matrices were centered and scaled, 663
as is standard for prcomp. The PCA loading heatmaps display the weights associated with each 664 of the 96 3-mer mutation types for a given PC. The chi-square ridge plots were similarly 665 generated with individual mutation spectrum data that required no rescaling since the analysis 666 considered only a single compartment. We plotted the distributions chi-square value based on a 667 2 × 96 matrix comparing the mutation counts between two different individuals of either a 668 single or two different species. For comparisons within species, we ran k choose 2 tests (k being 669 the number of individuals for a given species); for comparisons between two species, we ran 670 × tests (k and l being the numbers of individuals in both species respectively).
671
The log-odds heatmaps were generated to display the relative enrichment or depletion 672 of specific mutation types when comparing two compartments directly to each other. For a given 673 species, we plotted the log transform of the ratio between the rescaled mutation rates of two 674
compartments. 675
The 7-mer content-corrected heatmap required 7-mer mutation and nucleotide content 676 from various compartments, which were generated using the 3-mer mutation and nucleotide 677 methods and equally expanding context on the 5' and 3' side of the central base. Each original 3-678 mer mutation m3,k: {AAA>ACA, AAA>AGA … TCT>TTT} is a collapsed equivalence class of 256 679 unique 7-mer mutations m7,i,x: {AAAAAAA>AAACAAA, AAAAAAC>AAACAC, … 680 TTAAATT>TTACATT}. To explicitly re-weight the counts of each 3-mer mutation m3,i,C in 681 compartment C using the ratio of 7-mer content in C ss,C: {AAAAAAA, AAAAAC, … TTTCTT} to that 682 of compartment C': 683 684 7, , = " # 7, , * # , ′ # ,
685
> ?,-@ = A,-,/ ∑ A,1,/ 1 686 687
We used this method to rescale 3-mer mutations from the ERV compartment to match the 7-688 mer content from the nonrepetitive heterochromatin compartment; the heatmap in Figure 4 , 689 supplemental figure 1 presents the log ratio of the rescaled ERV mutation and the non-rescaled 690 nonrepetitive heterochromatin mutation spectra. 691
We ran correlation analyses to quantify the similarities between the mutation spectrum 692 heatmaps between species. Each mutation spectrum heatmap comprised the log ratio between 693 each of the 96 mutation types between two compartments for a single species. To calculate the 694 similarity between heatmaps for two different species, we ran a Pearson correlation test on the 695 paired vectors of log odds. 696 697
Compartments 698
We defined compartments based on published annotations of genomic features. Each 699 compartment was a list of genomic segments in a bed file format. The following is a list of the 700 compartments used in our analyses and a short description of how we generated them. LINEs: all LINEs in repeatMasker run on hg18 709
Heterochromatin: the intersection of the heterochromatin domain called in the hg18 710 chromHMM run on 9 different cell types from ENCODE (Gm12878, H1 HESCs, HepG, Hmec, 711
Hsmm, Huvec, K562, Nhek, and Nhlf), minus repetitive elements defined in repeatMasker.
712
Early/late replicating regions: the genomic quartiles that replicate earliest and latest 713 during S phase were ascertained using replication timing data from Koren et al. 2012 . In that 714 manuscript, the fine-scale replication timing of regions in the genome was determined by 715 sequencing human lymphoblastoid cell lines at S1/G phase; read depth over region in the genome 716 corresponded to its average relative replication timing. We calculated average replication timing 717
for non-overlapping 20kb window that included at least one measure of replication timing and 718 calculated replication timing quartiles. The earliest and latest quartiles were used as 719 compartments. Early/late replicating, repetitive/non-repetitive regions were the subsets of the 720 replication timing compartments that overlapped with or excluded repeatMasker-annotated 721 repeats, respectively. We ran a number of analyses to test the robustness of our methods and findings. 729
Testing the robustness of PCA clustering to species representation 730
We tested the robustness of the clustering of individuals by species in the NRNC PCA to 731 differences in number of individuals sequenced per species. We down-sampled the number of 732 individuals per species to match those of humans ( = 9), excluding the two orangutan species who were grouped as a single super-species group for this analysis. The clustering patterns in the 734 PCA remained. 735
Testing the CG>GG signature in ERVs 736
We determined the enrichment for CG>GG mutations in ERVs compared to nonrepetitive 737 heterochromatin was unaffected by the differences in mapping quality between the two 738 compartments, noting that mutations in repetitive regions are more difficult to call confidently. 739
To determine the potential confounding effect of mapping quality on the CG>GG signature, we 740 compared the distribution of the mapping quality value of the variants in the ERV and 741 nonrepetitive heterochromatin compartments (MQ field in the GAGP vcf). Density distributions 742 of the mapping qualities for the two compartments were highly overlapping within each species 743 (Figure 4, supplemental figure 4) . 744 We also determined that the CG>GG signature was unaffected by the different 'shapes' 745 of the ERV and nonrepetitive heterochromatin compartments, i.e. the distribution of segment 746 lengths and overall size of compartment. For each ERV compartment segment for a given 747 chromosome, we reassigned the coordinates randomly within the nonrepetitive 748
heterochromatin compartment, preserving segment length. In the event a randomized 749 compartment was chosen to overlap one or more "N" bases, a new compartment was resampled. 750
We did not filter for overlapping randomized segments, but assumed that, given that the ERV 751
compartment was a fraction of the size of the heterochromatin compartment (127 Mb and 430 752
Mb respectively), collisions would be unlikely enough to not bias our findings. This randomization 753 process to create 'ERV-like' compartments was bootstrapped 100 times. We then calculated 754 nucleotide content and mutation spectra for each of the 100 bootstrapped compartments. We 755 generated the log-odds of the CG>GG mutation type between the bootstrapped compartments 756
and nonrepetitive heterochromatin compartment (each normalized to each other, using the Chi-757 square normalization method as described above), then compared those values to the same 758 statistic of the original two compartments ( Figure 4C ) for all species. The enrichment for CG>GG 759 mutations comparing ERVs to nonrepetitive heterochromatin is significantly stronger than the 760 enrichment in any of the bootstrapped, 'ERV-like' compartments. 761
We tested the effect of species-specific nucleotide content on our rescaling method. The 762 GAGP data are aligned to hg18; therefore, mutations in genomic regions in a non-human species 763 that do not exist or do not map well in humans (e.g., new repetitive elements) were absent from 764 our analyses. Our mutation rescaling method, however, relies on compartment nucleotide 765 content determined from the hg18 reference, therefore including regions specific to humans and 766 absent in other species. We compared the log-odds of each mutation type between the ERV and 767
nonrepetitive heterochromatin compartment in all six species with those calculated by rescaling 768 mutation counts using the nucleotide content of the segments of a given compartment that 769
successfully lifted over to each respective species (lifted from hg18 to gorGor4, panPan1, 770 panTro2, and ponAbe2 for gorilla, bonobo, chimpanzee, and both orangutans, respectively, using 771 default liftOver settings). The log-odds values within species are highly significantly correlated 772 (all ≥ 0.95, Figure 4, supplemental figure 3) . A heatmap of the log ratios of triplet mutation fractions in each species shows an enrichment 808
for C>A and A>T mutations in late replicating compartment compared to early replicating 809 compartment. This mutation signature recapitulates recently described late replication timing 810 signature in humans. To generate the species mutation spectra, we counted the number of 811
SNVs with triplet context segregating within a species that occurred in each compartment. The 812 triplet mutation fractions were normalized by compartment nucleotide content. Statistical 813 quantification of the correlation of these heatmaps can be found in Figure 2 S u m a t r a n o r a n g u t a n B o r n e a n o r a n g u t a n Mutation
5'
3' PCA of NCNR and maternal hotspot compartments. Individual mutation spectra for the NCNR 856
and maternal hotspot compartments were calculated and normalized (Methods). The distance 857 between the maternal hotspot and the NCNR mutation spectra is negatively correlated with 858 phylogenetic distance from humans, implying evolution of a cis-acting mutational modifier 859 largely absent from orangutans. Differences in 7-mer content between the ERV and nonrepetitive heterochromatin 871 compartments do not fully explain the enrichment of CG>GG mutation types in ERVs. We 872 rescaled the counts of each 7-mer mutation type in ERVs by the ratio of the mutating 7-mer's 873 nucleotide content between nonrepetitive heterochromatin and ERV compartments (see 874
Methods). The heatmap shows the log ratio between the 7-mer-corrected 3-mer mutation 875 fractions in ERVs to (uncorrected) 3-mer mutation fractions in nonrepetitive heterochromatin. S u m a t r a n o r a n g u t a n B o r n e a n o r a n g u t a n Normalization of mutation spectra is unaffected by variation in species liftovers. We normalized 888
the ERV and nonrepetitive heterochromatin species mutation spectra by the nucleotide content 889 of the genomic regions for each respective compartment the successfully lifted over to each 890 species' reference genome. The log-odds of the ratio of ERV-nonrepetitive heterochromatin 891 mutation spectra are plotted using this species-specific (Y axis) against our standard species-892 nonspecific normalization (X axis). The distribution of SNV mapping quality does not differ substantially between the ERV and 898 nonrepetitive heterochromatin compartments. The plot above shows the layered distributions 899 of mapping quality (MQ in the GAGP VCF files) for SNVs included in the ERV and nonrepetitive 900 heterochromatin compartments in red and blue, respectively. Although each ERV compartment 901 contains a few more low quality SNPs than are present in the matched heterochromatin 902 compartment, they are not numerous enough to explain the spectrum difference between the 903 two regions. 904 
